The paper evaluates the spectral quality, radiometric noise and retrieval performance of a Fourier Transform Infrared Spectrometer, which has been developed for recording spectrally resolved observations in a region of the spectrum which is important both for the science of Earth's climate and applications, such as the remote sensing of temperature and atmospheric gas species. This spectral region extends from 100 to 1600 cm −1 and encompasses the two fundamental, rotation and vibration, absorption bands of water vapor. The instrument is a customized version of a Bomem AERI (Atmospheric Emitted Radiance Interferometer) spectrometer, whose spectral coverage has been extended in the far infrared with the use of uncooled pyroelectric detectors. Retrieval examples for water vapor and temperature profiles will be shown, which also allow us to inter-compare the retrieval performance of both H 2 O vibration and rotation bands.
Introduction
The capability of measuring absolute radiance with a Fourier Transform Infrared (FTIR) spectrometer is important to both the Radiation Explorer in the Far Infrared (REFIR [1, 2] ) J u n e [3, 4] ) programme, which are aimed at designing, developing and applying interferometry to measure the emission spectrum of the earth for
• validating atmospheric radiative transfer models
• testing the quality of water vapor continuum and line absorption parameters
• retrieving the temperature, humidity, and other parameters of the atmosphere and surface.
• meeting the need of creation of complete and accurate long-term radiation data sets in the far-to-mid infrared.
The primary objective of the REFIR and ECOWAR programs is to improve significantly the spectral coverage in the far infrared in order to observe also the spectral region (100 to 600 cm −1 ) of Earth's emission spectrum, since this portion of the spectrum contains the characteristic, fundamental, molecular rotation band of water vapor. Water vapor is, indeed, the main greenhouse gas in the atmosphere and it plays an important role in the mid and upper troposphere influencing the Earth's radiative energy balance (e.g., [5] ).
In its early stage, the REFIR project was mostly focused on the design and development of a light weight, low power consumption, small size, and inexpensive FTIR to sense the far-tomid infrared portion of the earth's emission spectrum. These drivers were mostly determined from the need of establishing a relevant, precise and calibratable against absolute standards, satellite observing system, which could be used for testing climate projections (e.g., see also [6] ).
These drivers led to an FTIR based on uncooled pyroelectric detectors, which could avoid expensive and heavy cooling units. Nevertheless, uncooled pyroelectric detectors have a noise equivalent power (NEP), which is normally about one order of magnitude worse than that of cooled mercury-cadmium-telluride (MCT) detector, although pyroelectric detectors have the advantage of a wider spectral coverage once compared to MCT technology.
In order to improve the overall signal-to-noise of the pyroelectric-based FTIR, a novel optical layout was developed [7] , which exploited a polarizing beam splitter. On this concept, two REFIR FTIR spectrometers have been developed. The first, REFIR-BB [8, 9] , (BB stands for Bread Board ), has been mostly used to check technological solutions for the beam splitter and electronic. The second, REFIR-PAD (with PAD meaning, Prototype for Applications and Development) was developed as feasibility demonstrator of an uncooled FTIR to fly on-board stratospheric balloons [10] .
REFIR-BB and PAD, together with TAFTS (Tropospheric Airborne Fourier Transform Spectrometer) [11] and FIRST (The Far-Infrared Spectroscopy of the Troposphere) [12] have J u n e 
A r t i c l e A c c e p t e d b y A r t i c l
contributed to new instrument developments to measure the far infrared spectrum from ground, aircraft and balloons, in perspective of a future far-infrared spectrometer satellite mission.
After the development of REFIR-BB and PAD, the European Space Agency extension of the REFIR project showed that the original polarizing beam splitter not only was mostly unpractical because of the difficulty to reach the required planarity, but its performance was not better than that normally achieved with amplitude beam splitters (see, e.g. [9] ). In the end, the experience we gained is that the most important driver to sense down in the far infrared is the detector technology rather than a particular optical design.
For this reason we turned our attention to suitable amplitude beam splitters and, in parallel to the effort for designing and developing an instrument for space and balloonborne applications, we also focused on incorporating most of the REFIR experience and pyroelectric detector understanding and technology in a commercial FTIR instrument for operational observations of atmospheric emitted spectral radiance.
This has led to the new Interferometer for Basic observations of Emitted Spectral radiance of the Troposphere (I-BEST), which is a custom version, extended in the far infrared, of the Bomem AERI (Atmospheric Emitted Radiance Interferometer) instrument fabricated by ABB-Bomem, Inc., of Quebec, Canada, within an agreement with SSEC (Space Science Engineering Center) of the University of Wisconsin, which is the depository of the AERI technology [13, 14] ). For a list of AERI systems around the world see [15] . The Bomem AERI is a derivation of the Bomem MR104 series of FTIR instruments.
In addition to a photoconductive MCT detector, I-BEST is also equipped with an uncooled DLaTGS (Deuterated L-alanine-doped triglycene sulfate) pyroelectric detector, and therefore can be used to observe the atmospheric emitted radiance in the far infrared.
The main goal of this paper is to evaluate the noise performance of I-BEST and to demonstrate its quality also by comparison with usual MCT observations. In addition, retrieval examples for temperature and water vapor profiles will also allow to evaluate the benefit of extending the spectral coverage to the far infrared.
On the same line of extending the spectral coverage in the far infrared, the University of Wisconsin has developed the AERI extended in the far infrared, namely the AERI-ER system (see, e.g. [16] ).
The AERI Extended Range extends the longwave cutoff of the useful spectral range of the instrument to longer wavelengths (smaller wavenumbers) than a standard AERI system. This is done by choosing a longwave MCT detector which peaks at longer wavelengths and replacing the optical elements of the interferometer to remove any materials which are optically absorbing in the 400 to 600 cm −1 range. Whereas the noise performance limits the spectral range of the standard AERI to about 525 cm −1 , the AERI-ER has similar J u n e A r t i c l e A c c e p t e d b y A r t i c l performance out to 420 cm −1 . I-BEST can sense down to 100 cm −1 , and therefore this kind of instrumentation is potentially suitable for establishing and developing a ground-based operational environmental observing system in the mid-to-far infrared, which could be used, e.g., for validating atmospheric radiative transfer models and testing the quality of water vapor continuum and line absorption parameters.
This paper is organized as follows. After describing the instrument in section 2, section 3 will deal with the assessment of the noise performance. The description of observations taken under clear-sky atmospheric conditions and the presentation and discussion of retrieval examples for temperature and water vapor will be shown in section 4. Conclusions and future work will be addressed in section 5.
Experimental
In its original, unextended, configuration, the I-BEST instrument is an AERI-type FTIR spectrometer. As said before, AERI stands for Atmospheric Emitted Radiance Interferometer and this acronym designs the type of FTIR spectrometers which are operational in many US Dept. of Energy ARM (Atmospheric Radiation and Measurement) sites (see, e.g. [17] ). In their basic configuration, AERI instruments are Fourier Transform Spectrometers with Stirling cooled sandwich MCT/InSb detectors to cover the 500 to 5000 cm −1 spectral region. More precisely the detector provides sensitivity for 5 -20 µm (MCT) and 2 -5.5 µm (InSb) in channels 1 and 2, respectively. The spectral sampling is 0.4822 cm −1 . Our AERI instrument has been operational at author's laboratory since 2001 (e.g. see [9] ) and it is part of the world net of AERI spectrometers [15] . The spectrometer has been tested and qualified by ABB-Bomem in order to ensure that its performance is the same as that of the AERI instruments which are in use at the ARM sites. In fact, it uses AERI technology and calibration software developed by SSEC (Space Science and Engineering Center) of University of Wisconsin. These include the blackbody technology and the software implementation of the nowadays celebrated two blackbodies calibration approach, which accounts for self emission of the instrument and possible non linearity of the MCT detector [13, 14, 18, 19] . More precisely, the absolute infrared spectral radiance of the sky is measured by using a two points calibration approach where two stabilized infrared sources (blackbodies), with an error of about 0.1 K, filling the field of view, emit radiation at two temperatures that differ by at least of 40 K from each other. These blackbodies are essential to provide a well known stable hot and ambient temperature reference for calibration of the down welling sky view radiance. In its present version, our FTS system is equipped with two blackbodies characterized by an emissivity of 0.996±0.002 [15] and a temperature accuracy of ±0.1 K. The blackbody temperature has been tested to be uniform within ±0.03 K [15] . One additional J u n e A r t i c l e A c c e p t e d b y A r t i c l characteristic of our Bomem AERI is that the interferometer is embedded in a temperature stabilized enclosure, equipped with heater and programmable controller. During operation the enclosure is, normally, stabilized at 40 ± 0.5
• C. The stabilization has the advantage of a good instrument stability even in a fluctuating environment.
The new configuration, we are dealing with in this paper, while continuing to keep advantage of the blackbody technology and calibration approach of the AERI systems, extends the longwave cutoff of the useful spectral range of the instrument to longer wavelengths (smaller wavenumbers) than a standard AERI system. This is done by replacing the usual Zinc Selenide beamsplitter by a Silicon beamsplitter. The Silicon offers very good transmittance down to well beyond the 100 microns region. To avoid loss of signal due to a narrow multiphonon absorption band in the 611 cm −1 region, the material thickness has been kept as thin as possible (the current thickness is 0.25 mm). With this thickness, the internal transmission of the substrate is 79% at 611 cm −1 for each pass and much closer to 100% at all other frequencies from well below 100 to as high as 7500 cm −1 . With its index of refraction of 3.42, bare Silicon provides efficient optical modulation with little polarization [20] . However, with the 0.25 mm substrate thickness, the spectral response shows an oscillation with a period of 5.85 cm −1 due to multiple internal reflections. The intensity of the oscillations is dependent on the field of view (FOV) and the wavelength. At the nominal FOV of 45 mrad as defined by the detector size and optics, the oscillation causes the spectral response to vary about 30% at 500 cm −1 and more at lower frequency. The frequency of oscillation being due to the thickness and index of refraction of the beamsplitter, it may shift with temperature. However, considering the low coefficient of thermal expansion of Silicon (at room temperature it is 3 × 10 −6 • C −1 ), the low temperature derivative of the index of refraction, which according to [21] is 1.6 × 10 −4 K −1 , the fact that during operation, the interferometer is temperature stabilized, we have checked in laboratory testing that no evidence of the oscillation of spectral response is seen in the retrieved radiance spectra.
The new laser metrology wavelength is around 1550 nm (solid state DFB laser diode) and the acquisition of one interferogram sample at every two fringes gives the appropriate free spectral range to meet the spectral coverage requirement. To cover the far infrared range, a new detector has been installed, which is a standard DLaTGS offered in ABB's standard FTLA104 series spectrometers.
The instrument has the capability to be used either with the DLaTGS (un-cooled) or the MCT (cooled with liquid Nitrogen) detector, which gains flexibility to the spectrometer. In addition, because of the new silicon beam-splitter, the MCT useful range has been moved down to 450 cm −1 against the previous cut-off of 550 cm −1 . Finally, because of the new metrology, the sampling rate has improved to the value of 0.3931 cm In its new present configuration interferograms are acquired at a rate of about 27 interferograms per minute. One cycle of sky observation consists of the acquisition of 60 interferograms for a total integration time of about 2 min and 18 s. If needed, more consecutive acquisition cycles may be further averaged to improve the signal-to noise ratio. One of the possible disadvantages of DLaTGS-based compounds is their high hygroscopy, which makes it mandatory to seal the sensitive detector area and protect the front surface electrode with a suitable window. The transmittance of the window can, therefore, heavily condition the performance of the detector. Because of their good transmittance in the far infrared, we have chosen two windows, which are commercially available: polythene and Caesium Iodide (CsI). The typical transmittance curves provided by suppliers show for the transmittance of polythene films a good transmission only at wavelengths larger than 16 µm (usable from well below 100 cm −1 to 625 cm −1 ). In the mid infrared, polythene is characterized by sharp absorbing peaks. In contrast the transmittance data available for CsI shows that this material offers a good compromise for the far-to-near infrared, with a transmittance higher than 80% in between 0.3 to 50 µm. To sum up, in its present version I-BEST can be operated in three different detector-modes, which will be referred to as
• MCT mode, for the MCT detector configuration,
• P-P mode, for the pyroelectric detector with polythene window configuration,
• and P-CsI mode, for the pyroelectric detector with CsI window configuration.
These three diverse configurations will be quantitatively assessed and compared in the following section.
Evaluating I-BEST noise performance
In laboratory tests we used the instrument's two blackbody calibration system [18] supplemented with an external laboratory blackbody (extended area blackbody source, model SR-80-LT-HE by CI System, Israel) designed to exceed the temperature performance of the internal blackbodies. The emissivity of the laboratory blackbody is 0.99±0.01. Temperature uniformity of the emitter is ± 0.01 K, and absolute temperature accuracy is ±0.05 K.
The temperature standard source was set at a value of 50 • C and it was measured for one cycle, which lasted ≈ 2 hours. Considering that each single spectrum is obtained with a total integration time of 2 min and 18 s, this led to total of N = 60 spectra.
For the MCT mode the average Brightness Temperature (BT) spectrum, computed on this ensemble of 60 spectra is showed and compared in Fig. 1 with the temperature of the reference source (T = 323.15 K = 50
• C). In ¿From Fig. 1 it is seen that the spectrum is recovered with high signal-to-noise ratio in the spectral range 450 to 1800 cm −1 . The large NEDT at wave numbers below 450 cm −1 is due to the poor NEP of the MCT in this spectral region. The relatively large NEDT seen in the center of the CO 2 absorption band (around 667 cm −1 ) is due to CO 2 in the path of the interferometer. In the same way, the larger radiometric noise beyond 1400 cm −1 is due to H 2 0.
The accuracy (measured in terms of the NEDN, Noise Equivalent Difference Radiance) is close to 4 × 10 −4 Watt/m 2 -cm −1 -sr at 500 cm −1 , whereas in the window region (800 to 900 cm −1 ), the accuracy is better than 3.5 × 10 −4 Watt/m 2 -cm −1 -sr. These correspond to NEDT figures of ≈ 0.3 K and ≈ 0.25 K, respectively.
A temperature difference, between the average BT spectrum and the standard source, of ≈ 0.3 K has also been assessed within the calibration analysis. Although consistent with a high emissivity and absolute accuracy and temperature stability of the I-BEST internal blackbodies, this difference could be the clue of some residual effect of MCT non linearity [22] . Figure 2 is the equivalent of Fig. 1 for the case of the DLaTGS detector with the polythene window.
First, the calibration exercise once again allowed us to check the quality of the internal blackbodies of I-BEST. For the case here shown we measured a residual difference, between the average BT spectrum and the standard source temperature of ≈ -0.006 K. This result also deserves to demonstrate the high linearity of the pyroelectric detector. Keith et al [23] used a pyroelectric detector as a linear standard that allowed more robust diagnosis and correction of radiometric error that is due to nonlinearity in the photoconductive MCT detectors.
Second, comparing to Fig. 1 it is evident the improvement achieved in the spectral segment 10 to 600 cm −1 . Apart from a few point calibration errors, which are mostly due to H 2 O in the path of the interferometer, the accuracy is greatly improved. In many part of the H 2 O rotation band, the accuracy is of order of 7 × 10 −4 Watt/m 2 -cm −1 -sr, which corresponds to NEDT of the order of 0.6 K at scene temperature of 280 K. In the window region, the accuracy degrades to about (2 to 3) ×10 −3 Watt/m 2 -cm −1 -sr (1.5 to 2.0 K in terms of NEDT), which is almost one order of magnitude worse than that achieved with the MCT sensor. However, the main drawback of the P-P mode is due to the series of absorption features of the polythene window, which completely destroy the signal in a relevant part of the CO 2 absorption band (710 to 740 cm −1 ), and in three segments of the H 2 0 ν 2 -vibration band, centered at 1300, 1350 and 1450 cm −1 , respectively. In contrast, the P-CsI mode, whose noise performance analysis is shown in Fig. 3 , exhibits a very nice accuracy both in the H 2 O rotation band and the 15 µ-CO 2 absorption band. As J u n e , the accuracy compares to the P-P mode only in the spectral segment 250 to 600 cm −1 , while rapidly degrades below 250 cm −1 . In the interval 600 to 1400 cm −1 , the P-CsI mode is comparable to the MCT mode. In the range 250 to 1400 cm −1 , the radiometric noise is nearly constant around a value of NEDT=0.5 K at a scene temperature of 280 K. Thus, the P-CsI mode offers a good compromise to sense with one single detector the range 250 to 1400 cm −1 , a range which encompasses the main absorbing features of H 2 O which can be detected by ground-based observations of the atmospheric emitted radiance. It should be also noted here that the water vapor rotation band appears normally opaque from observations from sea level. Absorbing features in this band can be explored only by performing observations from mountains or polar sites. Also in this case, spectral absorbing features at wave numbers below ≈ 200 cm
can hardly be measured.
In addition, the P-CsI mode gives the possibility to sense the CO 2 absorption band with high accuracy, and therefore, allows us to have simultaneous radiometric information on temperature. The ozone band at 9.6 µm is also sensed with a good performance.
Finally, for this last case we measured a residual difference, between the average BT spectrum and the standard source temperature of ≈ -0.01 K. This finding once again evidences the high quality of the blackbody technology used for the AERI type instruments and testifies of the nice linearity of the pyroelectric devices.
Examples of measured spectra and retrievals for temperature and water vapor

4.A. Atmospheric emitted spectra measured with the various modes
This section illustrates examples of spectra measured in the real atmosphere with the various detector configurations described above. Comparisons with calculations will be shown, as well, which exemplify the spectral quality of the observations. The first example refers to the MCT mode and is illustrated in Fig. 4a . The figure shows the portion of the spectrum in the range 460 to 1400 cm −1 where the three detector modes overlap. The spectrum was measured during the ECOWAR experiment [4] at a mountain site in the Alps (Cervinia, 45
• 56' N, 7
• 38'E, altitude of about 2000 m). Because of the relatively low humidity load (the precipitable water vapor was about 4.88 mm), the water vapor rotational band is very well resolved in its details, along with the CO 2 absorption band at 15 µm.
The precipitable water vapor, PWV, will be extensively used here and in the following. It is defined according to
J u n e 
the pressure at the surface level, g the acceleration of gravity and q(p) the water vapor mixing ratio profile.
Figure 4a also shows evidence of very well resolved weak water vapor lines in the atmospheric window, the ozone absorption band at 9.6 µm and the part of the water vapor band at 6.7 µm.
For comparison, Fig. 4b shows a spectrum recorded in the P-P mode, again during the ECOWAR experiment: the humidity load now is 1.59 mm, and the rotational band is even better resolved that for the previous case. However, note the failure of P-P mode to get any significant signal in the range 700 to 745 cm −1 and in two segments of the H 2 O band at 6.7 µm. This failure is due to absorbing features of the polythene window in the P-P mode. Comparing to Fig 4a, it is possible to see the degradation of the spectral quality in the atmospheric window, due to the lower signal-to-noise ratio of the P-P mode with respect to that MCT.
Finally, the spectral quality is greatly improved when we use the DLaTGS detector with the CsI window, as it is shown in Fig. 4c . The spectrum in this figure has been recorded at a different site from that of the ECOWAR campaign and in meteorological conditions with a relatively higher load of water vapor (PWV=11.50 mm). However, the example deserves to make the point that the P-CsI mode yields a spectral signal whose quality is comparable to that of the MCT mode.
A more quantitative comparison of the MCT and the P-P mode is provided in Fig. 5 , which inter-compares observations and calculations in the far infrared. There are various aspects and interesting results which can be derived from Fig. 5 .
First, the superiority of the P-P mode in extending the spectral coverage below 460 cm [26] . For the MCT-mode spectrum the atmospheric state input to LBLRTM was derived by the linear-in-time interpolation of two radiosonde profiles launched at 18:56:00 and 21:14:00 UTC, respectively, the precipitable water was estimated to be 4.88 mm. For the P-P mode spectrum the input to LBLRTM was derived by a linear-in-time interpolation of two radiosonde profiles started at 19:04:00 and 20:54:00 UTC, the precipitable water was 1.59 mm.
¿From the analysis of the spectral residual, shown in the same 
for the forward model, although inconsistencies appear between observations and calculations, which become mostly relevant in the spectral region 360 to 420 cm −1 . Although instrument uncertainties as well as atmospheric-state input can contribute to the large differences in this spectral region, we think that line parameters and the state of the continuum model accounts for much of these discrepancies. This can be better seen in Fig. 6 , which zooms on the spectral segment 360 to 460 cm −1 . It is quite evident that the spectral residual becomes largely anomalous below 420 cm −1 . Line parameters and continuum coefficients have been, indeed, until now, tuned on spectral observations with a wave number cut-off at ≈ 420 cm −1 (e.g., see [26] ). This result exemplifies the need of comprehensive and spectrally detailed observations at wave number shorter that 420 cm −1 .
4.B. Retrievals for temperature and water vapor
Using spectra recorded during the ECOWAR campaign, in this section the problem of retrieving temperature and water vapor from atmospheric emitted radiance in the infrared will be addressed. The inversion model is a statistical Empirical Orthogonal Functions (EOF) regression scheme (e.g. see [27, 28] , which has been trained with a localized data-set for temperature and water vapor profiles. The training data set consists in 200 profiles for temperature and water vapor recorded with radiosonde ascents at the Ely station (Nevada, USA), whose climate and altitude are quite similar to those experienced at the Cervinia station in the Alps.
Forward calculations have been performed with LBLRTM, and pressure layering extending from about 810 to 0.005 mbar. A number of M = 90 layers have been considered. Retrieval have been obtained on the same layer grid as that for forward calculations.
The spectral range used for the EOF regression scheme is depending on the detector mode. For the MCT-mode the spectral range consists of the three spectral segments: 460 to 650 cm −1 , 680 to 830 cm −1 and 1100 to 1400 cm −1 . This gives a total of 1627 data points. The range has been selected in such a way to have benefit from both rotation and vibration bands of H 2 O and the CO 2 absorption band at 15 µm.
For the P-P mode we used the four spectral segments: 360 to 650 cm −1 , 745 to 830 cm −1 , 1100 to 1280 cm −1 , and 1380 to 1420 cm −1 , for a total of 1512 data points. The range for the P-P mode overlaps that for the MCT mode, but now the segments affected by polythene absorption features have been removed.
For the P-CsI mode the spectral range was the same as that used for the MCT-mode, but with the lower wavenumber cut-off at 360 cm −1 .
J u n e Based on the training data set, we had that for the three modes the root mean square estimation error attained a stable value for a number of EOF scores more than 10. The value of ten EOF scores has been used for the results shown henceforth in this section.
Using the training data set, we can estimate the a-posteriori covariance matrix, Cŷ of any retrieved parameter, sayŷ. The square root of the diagonal elements give the expected retrieval performance. This is shown (root mean square error) for temperature and water vapor in Fig. 7 as a function of the detector mode. As expected, the MCT mode has a better retrieval performance than the other two, P-P mode and P-CsI mode, respectively. However, the difference between the three modes is almost negligible, which is mostly the result of the EOF noise filtering effect. Note that the performance for temperature is within 2 K up to about 300 mbar, which corresponds to the higher troposphere. In the same pressure range the retrieval performance for water vapor is in the range 10 to 40%.
The mere analysis of the retrieval root mean square error is somewhat misleading since it might give the impression that the observations are sensitive to the entire atmospheric column which is not the case. There is, indeed, a very extensive literature showing that the spectral observations in the infrared at a resolution like that applying to I-BEST are sensitive only to the gross details of the altitude structure of temperature and water vapor. In addition, for observations from the ground, the sensitivity is limited to the lower atmosphere.
The error analysis has, therefore, to be complemented with the quality of the retrieval as far as its independency, hence, its vertical resolution, is concerned. This can be assessed with a general methodology, which is particularly suitable to the kind of statistical retrieval we are concerned in this paper. The method was developed by some of the authors [29] and is here outlined.
The retrieval covariance matrix, Cŷ for the given parameterŷ can be used to analyze the spatial vertical resolution of the parameter itself. Indeed, the generic retrieved vector y = (ŷ(1),ŷ(2), . . . ,ŷ(M )) t (t denotes transposition) represents the discretized version of a spatial function (i.e., temperature profile, water vapor mixing ratio profile, ozone mixing ratio profile). A strong correlation, that is a relatively high value of the covariance, between any two of the parameters means that the two have not been independently resolved by the data set, and that only some linear combination of the parameters is resolved (e.g. see [30] ). However, a direct examination and interpretation of the off-diagonal elements (covariances) of a covariance operator is not easy, which makes the definition of some suitable scalar index high desirable. To this end, it has to be considered that the retrieval correlation is determined by the non-null off-diagonal terms in the covariance operator. For a full independent retrieval (and therefore for a retrieval, which attains the maximum possible vertical spatial resolution), the J u n e In what follows we will assume that the covariance operator has been normalized in order to obtain the correlation matrix,
Cŷ may be additively decomposed in its diagonal and off-diagonal components:
where the diagonal component is simply the diagonal matrix whose elements are the diagonal elements of Cŷ and where the off-diagonal component has zeros on the diagonal and coincides elsewhere with the matrix Cŷ. An index which assesses the dominance of the diagonal term over that off-diagonal might be simply defined from the norms of the matrices in Eq. (3). However, the norm is not additive. In general, we have
therefore, an index such as the ratio of the Cŷ ,diag -norm to the Cŷ-norm is not well defined. It could be less or greater than one depending on the given matrix. 
For a full diagonal matrix, we have i D = 1 and the retrieval is truly independent, whereas for a highly correlated matrix, we have i D = M −1 , with M the number of layers used to discretize the atmospheric altitude variable. The index (10) can be easily re-scaled to the range 1 to M by simply redefining it as
Then, i D = 1 simply means that for the retrieval at hand it is as if the full atmosphere had been divided just in one layer, that is only the columnar amount of the parameter has been resolved. On the opposite edge of the i D scale, we have i D = M , and the retrieval has been fully resolved on the grid mesh used to discretize the atmosphere. Nearby layers can then, e.g., be used to form average quantities and, therefore, reduce the estimation error. For the case here analyzed, M = 90 and for temperature we have i D ≈ 5, which means that we resolve only five degree of freedom over the 90 needed to resolve the temperature profile on the full grid-mesh of 90 layers. For water vapor the situation is even worse, since we have i D ≈ 3, which mean that we are sensitive only to the very gross features of the atmospheric profile of this gas.
4.B.2. Application to real observations
Keeping in mind the discussion just done in the previous section for the index, i D , Fig. 8 (water vapor) and Fig. 9 (temperature) show a retrieval example based on a set of I-BEST spectra recorded on the day 5 March 2007. The set of inverted spectra have been continuously measured from UTC 18:51:54 to UTC 23:32:11 for a total of 120 spectra. The integration time for each single spectrum is about 2 min 16 s. The retrieval example refers to the P-P mode (DLaTGS detector).
The P-CsI mode was not available during the ECOWAR campaign, therefore the EOF regression scheme, in the remaining of this paper, will exemplified for the MCT and P-P modes alone.
The example illustrated in Fig. 8 shows that the retrieval for water vapor compares well with the gross shape of the profile as determined by the radiosonde observations, although, as expected, small scale features, which are seen in the radiosonde profiles, are completely smoothed in the I-BEST retrieval.
For the case of temperature, as expected from the retrieval performance analysis shown in J u n e Similar results have been obtained also considering I-BEST retrievals with the MCT mode.
4.C. Precipitable water vapor and retrieval capability of diverse absorption bands
The very poor value of i D for water vapor suggests that we are sensitive mostly to the columnar amount of water vapor. Thus, in this last section we focus on the retrieval of PWV.
The time resolution of I-BEST observations is about 2 min, so that we can follows the evolution of PWV on a time scale as short as few minutes. An example of such an evolution is shown for the day 15 March 2007 in Fig. 10 .
The I-BEST (MCT mode) PWV data points were obtained by a series of 190 spectra recorded from UTC 14:59:46 to UTC 22:54:43. Comparison with radiosonde observations is provided in the three panels. In Fig. 10 the radiosonde-derived PWV is drawn as a constant for the time period equal to the complete ascent of the sonde.
The exercise shown in Fig. 10 also allows us to gain some insight into understanding the potential water vapor retrieval capability of the various spectral regions we can sense with the I-BEST instrument.
Three relevant absorption bands are compared in Fig. 10 :
• the water vapor rotation band: here defined as the spectral segment 460 to 600 cm −1 , henceforth band 1,
• the CO 2 absorption band: here defined as the spectral segment 680 to 800 cm −1 , henceforth band 2,
• the water vapor vibration band: here defined as the spectral segment 1200 to 1400 cm −1 , henceforth band 3.
The EOF regression scheme has been specifically trained for each single band defined above, so that we have a total of three diverse retrieval tools, corresponding to the three bands above, respectively.
Based on the training data set, we can perform an error analysis for the quantity PWV. We found that band 1 is able to retrieve PWV with an accuracy (root mean square error) of 0.020 cm; band 2 is credited with an accuracy of 0.024 cm, exactly as band 3. From this results which have obtained in simulations, we conclude that the water vapor rotational band gives a slight advantage in retrieving water vapor. This findings seems to be confirmed by the results and inter-comparisons provided in Fig. 10 . For the data shown in this figure, we have also computed the root mean square difference between I-BEST and radiosonde. For J u n e To sum up, the exercise we have just discussed lead us to conclude that the H 2 O rotation band seems to give some advantage over the vibrational band as far as the water vapor retrieval accuracy is concerned. The result holds in the case of the very dry atmosphere we have analyzed in this paper and could not hold in wet conditions, where the rotation band could be completely saturated.
The nice performance of band 2 also deserves here some comments. At a first glance this results could seem counter intuitive, because band 2 is mostly sensitive to temperature. However, band 2, that is the spectral segment 680 to 800 contains the water vapor weak absorption band centered in between 745-800 cm −1 .
Conclusions
The paper has evaluated the radiometric noise and thermodynamic parameters retrieval performance of a Fourier Transform Infrared Spectrometer, I-BEST, which has been developed for recording spectrally resolved observations in a region of the spectrum which is important both for the science of Earth's climate and applications, such as the remote sensing of temperature and atmospheric gas species. This spectral region extends from 100 to 1800 cm
and encompasses the two fundamental, rotation and vibrational, absorption bands of water vapor. The instrument is a customized version of a Bomem AERI (also Bomem MR104) and therefore benefits of the high performance blackbody technology and absolute calibration accuracy and stability which are proper of the AERI systems: two blackbodies with emissivity of 0.996 ± 0.002, temperature accuracy of ±0.1 and uniformity within ±0.03. I-BEST spectral coverage has been extended in the far infrared with the use of a silicon beam splitter and an uncooled pyroelectric detectors. The use of linear pyroelectric technology also allows more robust radiometric error assessment in comparison to MCT detectors which may be affected by nonlinearity problems.
Three configurations have been tested and the noise performance evaluated. They are:
• the MCT detector configuration (MCT mode)
• the pyroelectric detector with polythene window configuration (P-P mode)
• the pyroelectric detector with CsI window configuration (P-CsI mode)
The three configurations overlap in the spectral region 450 to 1600 cm −1 . Our analysis has shown that within the overlapping spectral interval the MCT mode outperforms the other two pyroelectric-based mode. However, the P-P mode can extend the spectral coverage to wave numbers as small as 10 cm . In contrast to the P-P mode, the Caesium Iodide window assembly shows a good signal-to-noise ratio in the whole range 250 to 1400 cm −1 , and within the segment 600 to 1400 cm −1 is still comparable to the MCT mode. In conclusion, the P-CsI mode offers a good compromise between accuracy and spectral coverage, and give the possibility to cover with a single detector the band 250 to 1600 cm −1 , so that bridging the H 2 O rotation to the 6.7 µm vibration band, through the CO 2 absorption band at 14 µm. In this range the P-CsI mode is credited with an overall radiometric calibration noise of NEDT=0.5 K at a scene temperature of 280 K. The P-CsI technology could, therefore, form the basis for an improved ground-based observation system capable to meet the need of creation of complete and accurate long-term radiation data sets in the far-to-mid infrared.
We have also analyzed the retrieval capability for temperature and water vapor of the different detector modes and spectral ranges. Our findings showed a very poor sensitivity to small scale features both in temperature and water vapor. For water vapor we are mostly sensitive to the columnar amount and the results we have found show that
• the retrieval capability is not critically depending on the detector mode
• the retrieval capability is not crucially depending on the spectral bands, although the water vapor rotation band seems to give a slight advantage over the vibration one.
These two last findings have to be considered in the light of the linear statistical regression scheme we have used for the retrieval analysis. Using non-linear physical models could involve different smoothing constraints, which in turn could require much more demanding requirements on the signal-to-noise ratio, and therefore lead to a dependence on the detector type.
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